breast cancer deaths by 34% [13] . It is clear that both diet and physical activity influence cancer risk and outcomes, but the precise biological mechanisms underpinning these relationships are only beginning to be explored. Thus, we understand that body weight, diet, and exercise (which are clearly interrelated) all influence cancer risk. However, in this state of mechanistic uncertainty, the extent to which these are either unique or overlapping risks, as well as the biological processes by which they might independently or synergistically affect cancer risk, are largely unknown.
A number of mechanisms have been hypothesized as potential pathways through which obesity, diet, and physical activity may influence breast cancer risk, and one of the most promising is inflammation. Inflammation is a crucial biological mechanism that appears to underlie this relationship, as obesity is associated with chronic systemic inflammation, which can increase tumor-promoting activity [14] as well as risk of cancer incidence, as is the case with breast cancer [15] . Moreover, behaviors implicated in weight management and cancer prevention, namely physical activity and healthy diet, are inversely associated with inflammation [16, 17] , which could indicate contributing or moderating effects on the relationship between weight and cancer.
Another promising mechanism is DNA methylation, an epigenetic process that involves the addition of a methyl group to the 5′ position of the cytosine pyrimidine ring within cytosine-phosphate-guanine (CpG) dinucleotides. Together with other epigenetic mechanisms (e.g., histone modifications), DNA methylation functions as a switch that turns relevant genes on and off, a mechanism that is crucial for development, differentiation, and genomic stability. A small but growing body of evidence has demonstrated the importance of considering methylation as a mechanism by which weight status, diet, and/or exercise may influence breast cancer risk and outcomes. Xu and colleagues observed that differential variability in genome-wide methylation patterns are a feature of both cancer and obesity [18] . Another study assessing genome-wide levels of methylation observed relationships between body mass index (BMI) and methylation of candidate genes for cancer [19] . Separately, others have suggested changes in methylation patterns as a possible mechanism through which consumption of fruits and vegetables may reduce cancer occurrence [20] [21] [22] . Finally, physical activity levels [23] and cardiorespiratory fitness assessed by VO 2 max [24] have been shown to be associated with differential methylation of genes specific to breast cancer, and one study found a positive association between physical activity levels and global genomic DNA methylation, though this association was attenuated when adjusted for covariates [25] .
Notably, methylation may exert differential effects based upon the particular genes and sites that are affected.
In some cases, increased methylation of genes is associated with positive health outcomes. One relevant example is methylation of toll-like receptor genes (e.g., TLR4 and TLR6) associated with inflammation and breast cancer cell survival/proliferation-greater methylation of TLRs can reduce gene expression and downstream signaling via competitive binding that blocks transcription factors and bacterial DNA binding, thus reducing the inflammatory signaling associated with chronic illness and tumor cell survival [26, 27] . However, in most cases, higher levels of methylation are associated with negative outcomes. For example, in cancer, the healthy state of low levels of methylation in the promoter regions of tumor suppressor genes (e.g., RUNX3 gene [28] ) is disrupted such that higher levels of methylation may silence their action. In essence, the hypermethylation of these CpG islands turns off or silences the gene that prevents the proliferation of cells that characterize tumor development [29, 30] . Emerging evidence suggests that it is now possible to detect methylation patterns that predict the development of certain cancers among at-risk individuals, even several years before clinical diagnosis (e.g., [31] ). Thus, there is great value in enhancing our understanding of the influence of DNA methylation on cancer-related processes, including inflammation, as well as on specific cancer genes.
In further investigating associations between BMI, diet, physical activity, and DNA methylation patterns that may relate to breast cancer outcomes, it will be necessary to explore both moderators and mechanisms of these relationships. With regard to moderation, there is much debate in the literature regarding the interaction of BMI, diet, physical activity, and health outcomes. One example is the question of whether it is possible to be "fit and fat" [32] . That is, is there an interaction between BMI and physical activity such that BMI is only a risk factor for cancer when levels of physical activity are low? Some evidence has suggested that healthy diet and physical activity can be protective against cancer death regardless of weight status [33] , but it is not clear whether the same factors can protect against cancer risk for individuals with obesity. Thus, the first goal of this analysis is to examine possible main effects and interactions of lifestyle behaviors and body weight in their relationship to methylation of genes associated with inflammation and breast cancer. With regard to mechanism, some have suggested that chronic inflammation plays a key role in the development of cancer [15] and it is well known that BMI, diet, and physical activity are associated with inflammatory processes. The second goal of this analysis is thus to determine whether the influence of lifestyle factors on methylation of cancer genes might be mediated by their association with methylation of inflammation genes.
Methods

Participants
Two hundred seventy six women between the ages of 30 and 45 participated in the study as part of a larger randomized controlled trial (RCT) examining the effects of exercise intensity and duration on DNA methylation, particularly of genes related to breast cancer. Participants were recruited from the University of Colorado community and the Denver metro area. Due to the nature of the parent RCT, initial recruitment criteria required that participants engaged in 60 min or less of voluntary vigorous or moderate-level physical activity per week for at least the past six months. Participants were excluded if they reported that they smoked cigarettes, had a history of breast cancer, were receiving cancer treatment of any type, were on a restricted diet, were Type I or Type II diabetic, had any cardiovascular or respiratory diseases, were pregnant or planning to become pregnant in the next 6 months, or were otherwise unhealthy in a way that would prevent them from completing a sixteen-week exercise intervention. Inclusion criteria included a body mass index (BMI) less than 35 kg/m 2 , being physically capable of participating in moderate-level intensity physical activity, and having a regular menstrual cycle if not using a birth control method. All participants had to consent to random assignment to intervention condition. Two hundred seventy one of consented participants successfully completed all baseline measures prior to randomization. The Colorado Multiple Institutional Review Board approved the study and all study participants provided written informed consent.
All participants were female and the average age was 37.48 years (SD = 4.56). The majority (57.2%) of the participants self-identified as White, while 13.3% identified as Black, 5.2% as Asian, 16.6% as Hispanic or Latina, 0.4% as Native Hawaiian or Pacific Islander, and 7.4% as more than one race.
Measures
BMI
Body mass index (BMI) was calculated in kg/m 2 based on participants' height and weight measured by a registered nurse practitioner during the participants' baseline visit.
VO 2 max
As a measure of objective physical fitness, participants' maximal oxygen capacity (VO 2 max) was obtained using an individualized maximal exercise test on a motorized treadmill. Participants were initially brought to a comfortable speed corresponding to 70% of their age-predicted maximal heart rate. While maintaining this speed, the treadmill grade was increased by 2.0% increments every 2 min until maximal VO 2 was reached. VO 2 max, measured in milliliters of oxygen consumption per kilogram of body weight per minute (ml/kg/min), was assessed using an online computerassisted open-circuit spirometry (ParvoMedics, Sandy, UT), and confirmed by a respiratory quotient ≥ 1.1 and/or a detected plateau in VO 2 .
Fruit and vegetable consumption
Dietary data were collected using the antioxidant nutrient questionnaire [34] . Fruit and vegetable consumption was selected as the dietary variable of interest due to prior links with both genetic methylation and cancer risk [20] [21] [22] . Estimated fruit and vegetable exposures across the last month were calculated as a sum of the times (ranging from 0 to 60) that the participant reported consuming a medium-sized serving, as defined by the questionnaire, of each of 23 fruits and 23 vegetables within the past month.
Gene methylation
To determine the methylation of CpG sites for the selected cancer/tumor suppressor genes (BRCA1, RUNX3, GALNT9, and PAX6) and inflammatory genes (TLR4 and TLR6), pyrosequencing was performed at EpigenDx (Worcester, MA) using previously published procedures [35] . The cancer gene assays covered a total of 27 CG dinucleotides located 5-upstream from the translational start site (TSS) and on the 5′ untranslated region (UTR) (− 76 to + 23, and − 12 to + 76 from TSS), Intron 1 (+ 41,806 to + 41,854 from TSS), and Intron 4 (+ 12,543 to + 12,609 from TSS) for BRCA1, RUNX3, GALNT9, and PAX6, respectively. The inflammatory gene assays covered a total of six CpG sites located on the 5′ UTR (+ 27 to + 51 from TSS) and on the 5′ upstream region (− 1291 to − 1269 from TSS) for TLR4 and TLR6, respectively.
The selected genes and corresponding CpG locations were chosen based upon previously published findings implicating their increased methylation to be associated with breast cancer (BRCA1 and RUNX3), tumor suppression failure (BRCA1, PAX6, and RUNX3), tumor metastasis (GALNT9), and reduced inflammatory signaling (TLR4 and TLR6) [26, 28, [36] [37] [38] . All primers are owned by EpigenDx.
The analyzed DNA was presented as percent methylation at each of the CpGs. Similar to our prior work [24] and to reduce alpha inflation due to the number of tests conducted, the average percent methylation at each CpG was used to calculate the average methylation score for each gene. The average methylation scores for each cancer-associated gene were then combined and averaged to create one "cancer genes" methylation score used in analyses. Similarly, the average percent methylation scores for each of the sites on TLR4 and TLR6 were combined and averaged to create one "inflammatory genes" methylation score for percent methylation.
Procedures
Following recruitment and a phone screening for eligibility, participants were brought to the study location for two baseline sessions (orientation and fitness test). In addition to obtaining informed consent during the orientation appointment, approximately 6 ml (two 3 ml glass tubes) of blood was drawn by a trained phlebotomist, a physical examination was performed by a registered nurse to determine that each participant was healthy enough for exercise, and objective measures of height and weight were obtained. An online questionnaire was completed to determine fruit and vegetable consumption. Following the orientation visit, participants completed the VO 2 max test during a separate appointment.
DNA was isolated from whole blood for methylation analyses. Blood samples were stored at + 4 °C until DNA could be extracted and incubated. The DNA was extracted per manufacturer's instructions using the Gentra Puregene Blood Kit (Cat No. 158389). The DNA was quantified using Invitrogen's Qubit™ dsDNA BR Assay Kit (Cat. No. Q-32853) and cryogenically stored at − 80 °C.
Due to failed blood draws, low sample concentration, and amplification failure, we were able to extract viable methylation data for 186-188 participants depending on the candidate gene. Because some participants were excluded from the study after blood samples were collected (due to complications discovered during the physical examination, failure to return for a second appointment, or an inability to complete the VO 2 max test), BMI data were available for 141 of these participants and 130 of these participants had a valid VO 2 max test.
Analytic plan
The first goal of the current study was to examine associations between BMI, diet, physical activity, and DNA methylation patterns that may relate to breast cancer outcomes. We were interested in both main effects and interactions. Thus, we first examined bivariate correlations between the lifestyle behaviors and DNA methylation of both breast cancer-related genes and inflammation-related genes. These correlations are presented in the Results section below.
From these bivariate correlations, to parse the associations we observed further, we ran multivariate regression models predicting inflammatory gene methylation from BMI, VO 2 max, and fruit and vegetable consumption. As we did not observe any significant bivariate associations between our lifestyle variables of interest and cancer gene methylation, we do not present regression models for that outcome. Additionally, since we observed a high correlation between BMI and VO 2 max in these data, we expected suppression effects in a model that included both variables; thus, we first examined their relationships separately (but together with fruit and vegetable consumption), and later together. In these regression models, we first examined main effects only and later included predicted interactions between lifestyle behavior markers (e.g., BMI and VO 2 max, in order to examine the "fit and fat" hypothesis).
Finally, in order to examine whether inflammation may mediate relationships between lifestyle factors and cancerrelated gene methylation, we estimated mediational models via path analysis (c.f., [39] ) using Mplus software.
Results
Descriptive statistics
The average VO 2 max was 27.11 ml/kg/min (SD = 5.11, range 17.9-41.7), indicating on average "fair" cardiorespiratory fitness at baseline for women in this age range, consistent with the fact that these women were all suboptimally active. Participants were, on average, on the border between overweight and obese, with a mean BMI of 29.88 (SD = 5.25, range 17.8-40.2). In terms of typical BMI cutoffs of clinical significance, 21.8% of participants were considered "normal" weight (BMI between 18.5 and 25), 36.1% were considered "overweight" (BMI between 25 and 30), and 41.2% were considered "obese" (BMI above 30), and .9% participant was considered "underweight." Participants reported eating an average of 140.94 servings of fruits and vegetables per month (SD = 111.65, range 7.5-598), or approximately 4.7 servings per day on average. On average, cancer genes (for which higher levels of methylation are typically associated with worse outcomes, i.e., reduced action of tumor suppressor genes) were 32.06% methylated (SD = 2.58, range 24.44-39.63), while inflammatory genes (for which higher levels of methylation are typically associated with better outcomes, i.e., reduced inflammatory signaling) were 9.77% methylated (SD = 3.24, range 4.37-21.63). These descriptive statistics as well as methylation proportions for the individual candidate genes are presented in Table 1 .
Correlations between BMI, VO 2 max, diet, and methylation
Bivariate correlations between our measures of interest are presented in Table 2 . Of note, methylation of inflammatory genes was strongly negatively related to methylation of cancer genes. We also observed a significant negative correlation between BMI and methylation of inflammatory genes, and a significant positive correlation between VO 2 max and inflammatory gene methylation. Neither BMI nor VO 2 max were significantly associated with methylation of cancer genes. Fruit and vegetable consumption was not associated with methylation of either inflammatory genes or cancer genes. We also observed a strong negative relationship between BMI and VO 2 max. Finally, age was not related to methylation of either cancer genes or inflammatory genes in this dataset; thus, it was not included as a covariate in subsequent analyses.
Regression models
We first examined the relationship between inflammatory gene methylation, BMI, and fruit and vegetable consumption. This model is presented in Table 3 . Controlling for fruit and vegetable consumption, BMI was significantly negatively associated with inflammatory gene methylation. Controlling for BMI, fruit and vegetable consumption was not significantly associated with inflammatory gene methylation. We also ran a model that included the interaction between BMI and fruit and vegetable consumption, in order to examine whether the relationship between BMI and inflammatory gene methylation might depend on the quality of ones' diet; however, we did not observe a significant interaction between these variables (p = .79).
Next, we examined the relationship between inflammatory gene methylation, VO 2 max, and fruit and vegetable consumption. This model is presented in Table 4 . Controlling for fruit and vegetable consumption, VO 2 max was significantly positively associated with inflammatory gene methylation. Controlling for VO 2 max, fruit and vegetable consumption was not significantly associated with inflammatory gene methylation. We also tested the interaction between VO 2 max and fruit and vegetable consumption, which was not significant (p = .78).
Lastly, we tested a model that included all three lifestyle predictors. In this model, we observed a trend such that VO 2 max was positively associated with methylation of inflammatory genes, controlling for BMI and fruit and vegetable consumption, though, consistent with suppression, this trend did not reach conventional levels of statistical significance (b = .14, p = .077). Neither BMI (b = − .056, p = .46) nor fruit and vegetable consumption (b = − .002, p = .46) were significantly related to methylation of inflammatory genes in the context of this regression model. Finally, we examined a regression model that included the interaction between BMI and VO 2 max, in order to test the hypothesis that the effect of BMI on methylation may differ for individuals with greater levels of physical fitness. We did not observe a significant interaction between these variables (p = .60).
Statistical mediation of cancer gene methylation by lifestyle factors through inflammatory gene methylation
While we did not observe significant bivariate relationships between our lifestyle factors and cancer gene methylation, we did observe a strong negative correlation between inflammatory gene methylation and cancer gene methylation, and consistent relationships between BMI and inflammatory gene methylation and VO 2 max and inflammatory gene methylation. Thus, we were interested in testing whether VO 2 max and BMI may be indirectly associated with methylation of cancer genes through association with inflammatory gene methylation. We estimated two path models to examine the indirect relationships between BMI and cancer gene methylation and VO 2 and cancer gene methylation, controlling for fruit and vegetable consumption. These models are presented in Fig. 1 and Fig. 2 . In both models we found evidence for significant indirect effects between BMI and cancer gene methylation and VO 2 and cancer gene methylation through inflammatory gene methylation.
Discussion
The present study sought to test the relationships between lifestyle factors of weight status, physical activity, and diet, and methylation of inflammatory and cancer-related candidate genes. Across a sample of adult women without a history of cancer, increased methylation of the inflammatory genes was associated with reduced methylation of the cancer candidate genes. Further, elevated maximal cardiorespiratory capacity and reduced body mass index were each associated with increased methylation of the inflammatory genes. Methylation of the inflammatory genes statistically 
Limitations
While this study has numerous strengths, including its inclusion of dietary, physical activity, anthropomorphic, and genetic data in the same sample, it is not without limitations. First, the sample only includes women in midlife who have not been diagnosed with cancer, so it remains unknown whether these same patterns hold among men, individuals in other age ranges, and those who have already been diagnosed with cancer. Additionally, the present data are crosssectional, and thus future examinations will be necessary to confirm the temporal ordering and causal mechanisms underlying these relationships. Finally, while VO 2 max and body mass index were recorded using traditional clinical metrics and procedures, and fruit and vegetable consumption was measured using exposures indicated in a self-report measure. The limitations of the self-report measure may underlie the lack of relationship between diet and the methylation measures in these data. However, fruit and vegetable consumption was related to BMI in this sample (r = − .15, p < .05), demonstrating at least some validity of this selfreport exposure measure and an objective anthropomorphic outcome variable. Epigenetic modifications, including methylation, present a mechanism by which behavioral and environmental factors influence gene expression and other biological processes relevant to health and disease states. The present study represents a first demonstration of the links between weight status, cardiorespiratory fitness, and the methylation of inflammatory and cancer genes in a single sample. The findings demonstrate that methylation of inflammatory genes, which is associated with lower weight status and better cardiorespiratory fitness, is negatively correlated with methylation of candidate genes associated with cancer. While prior research has identified inflammation as a key pathway linking obesity to increased cancer incidence and mortality (e.g., [14, 40] ), the present findings go beyond the role of circulating inflammatory markers to highlight the relationships between weight status and methylation of inflammatory and cancer genes. Further, the findings demonstrate the importance of measuring methylation of specific genes, rather than whole-genome methylation approaches, in understanding the nuanced relationships between biobehavioral factors and changes in DNA methylation that have implications for ultimate health outcomes [41] . In sum, these findings demonstrate that both weight status and cardiovascular fitness are associated with methylation of genes associated with both inflammation and cancer, and that methylation of inflammatory genes might serve as a mechanistic link between lifestyle factors and methylation changes in genes that increase risk for breast cancer.
